ADDITIONAL INDEX WORDS. Lycopersicon esculentum, tensiometer, relative water content, leaf water potential SUMMARY. Soil moisture-based, high-frequency, low-volume (pulsed) irrigation management strategies have saved water while maintaining yields of vegetables grown in coarse textured soils. However, little is known regarding the efficacy of soil moisture-based pulsed irrigation on finer textured soils. Therefore, five tensiometer-based, automated irrigation treatments were tested for tomato ( In 2009, the pulsed systems (-30/-25, -45/-40, and -35 kPa) irrigated more frequently but for a shorter duration than non-pulsed systems (-30/-10 and -45/ -10 kPa). Soil moisture measurements in 2009 suggested that probes set at a depth of 6 inches were more closely matched to irrigation setpoints than those at 12 inches. In both years, the -45/-40 kPa setpoint treatment used the least amount of water while maintaining total marketable yields that were not significantly different from other treatments. Yields were significantly higher in 2009 than 2010, though atypical air temperatures in 2010 may have been the cause. Leaf water potential and relative water content were measured predawn and midday throughout the growing season in 2009 and 2010. Leaf water potential was not significantly affected by the treatments in either year, though leaf relative water content was affected in 2010. In this trial, an automated, soil moisture-based irrigation system maintained yields and saved water when compared with a non-pulsed irrigation system using similar irrigation setpoints for tomato grown in a silt loam soil.
Introduction
More than 65% of U.S. total vegetable acreage is irrigated (Howell, 2001) . Although used on %7% of the total irrigated acreage in the United States, drip irrigation is widely used on high-value crops (Hutson et al., 2004) . Improvements in drip irrigation and increases in plasticulture production have prompted significant increases (>500%) in its use over the previous 20-30 years, (Howell, 2001) . Drip irrigation, if properly managed, can achieve up to 95% application efficiencies (Rogers et al., 1997) .
Because of increases in yield and quality, growers often over irrigate, viewing it as a cheap insurance policy for growing fruits and vegetables. However, just 5 h after the initiation of drip irrigation, the wetting front under an emitter may reach 45 cm from the soil surface, effectively below the root zone of many vegetables (Elmaloglou and Diamantopoulos, 2007) . Water can migrate upward into the root zone through capillary action on fine textured soils; however, movement decreases as texture becomes coarser. Additionally, small-scale variability in soil textures may affect water movement (Jury and Horton, 2004) . If water reaches clay subsoil, upward movement into a coarser loam topsoil can be limited. Fertilizers and pesticides may also leach below the root zone of plants grown in coarse soils when excessive water is applied (Tindall and Vencill, 1995) . Methods for improved scheduling and management of irrigation may increase water use efficiency as well as potentially reduce the leaching of agricultural chemicals.
Irrigation scheduling has traditionally been weather or soil based although several plant-based scheduling methods have been proposed (Fereres et al., 2003; Jones, 2004) . In weatherbased scheduling, the decision to irrigate relies on the soil water balance. The water balance technique involves determining changes in soil moisture over time on the basis of estimating evapotranspiration (Et) adjusted with a crop coefficient (Penman, 1948) . This method takes environmental variables into account along with crop coefficients that are adjusted for growth stage and canopy coverage (Hartz, 1996) . However, irrigating based on crop Et values may be subject to inaccuracies as a result of variations in local conditions and production practices (Amayreh and Al-Abed, 2005; Burman et al., 1980) . Furthermore, some growers do not have access to appropriate local weather data and the programs necessary to properly schedule irrigation.
Often soil moisture-based methods are used to schedule irrigation. Perhaps the simplest and most common technique is the ''feel method,'' where irrigation is initiated when the soil ''feels'' dry (Maynard and Hochmuth, 2007) . More sophisticated methods involve using a tensiometer or granular matrix type sensor (MunozCarpena et al., 2005; Richards and Gardner, 1936; Smajstrla and Locascio, 1996; Thompson et al., 2006 (Hedge, 1988; Smajstrla and Locascio, 1996; Smittle et al., 1994; Thompson et al., 2007) . In threshold studies, Y s levels are maintained at a near constant level using automated systems (Smajstrla and Locascio, 1996) , or the soil is wetted for a period of time then allowed to dry out (Thompson et al., 2007) . In sandy soils, high-frequency, short-duration (pulsed) irrigation events can reduce water use while maintaining yields of tomato when compared with a traditionally scheduled, high-volume, infrequent irrigation (Munoz-Carpena et al., 2005) . Pulsed irrigation results in a shallower wetting front shortly after the irrigation event, increasing application efficiencies (Assouline et al., 2006; Zur, 1976; Zur and Savaldi, 1977) . Although data for pulsed irrigation are available for sandy soils, comparisons of the effects of irrigation duration and frequency at different thresholds for vegetables on fine-textured soils are largely unavailable. The purpose of this research was to use a tensiometer-controlled, automated irrigation system to compare pulsed irrigation to longer-duration, high-volume irrigations at different Y s levels for tomato grown using a plasticulture production system in a silt loam soil. The soil was a Maury silt loam series, mesic Typic Paleudalfs. Soil samples were collected after bed formation and transplanting. Five samples were taken from each plot to a depth of 100 cm, in 20-cm segments. The pipette method was used for particle size analysis (Sheldrick and Wang, 1993) . Soil texture was found to be either silt loam or silty clay loam. Sand and silt content varied from 6.5% to 11.0% and 49.6% to 73.2%, respectively. Clay content ranged from 19.3% to 39.3%. Bulk densities of soil under natural conditions were determined using a core of known volume (Grossman and Reinsch, 2002) . A core sampler was pushed into the soil at depths of 5-15 and 25-35 cm. Soil extracted from the sampler was oven dried and weighed. Bulk density varied from 1.33 to 1.74 gÁcm -3 . Preplant fertility (19N-8.3P-15.8K; Southern States Cooperative, Richmond, VA) was applied under the plastic mulch at a rate of 75 lb/acre N. Supplemental fertility was initiated 2 weeks after transplanting and was supplied through five fertigation events alternating between calcium nitrate and ammonium nitrate, applied at a rate of 15 lb/acre N per week. Preventative spray schedules for diseases were followed with weekly sprays made according to recommendations for fresh market tomato grown in Kentucky (Coolong et al., 2009a) . One application of spiromesifen (Oberon 2SC; Bayer Crop Science, Research Triangle Park, NC) was made in Aug. 2009 to control two-spotted spider mite (Tetranchyus urticae).
Materials and methods
Automated irrigation was managed using paired or single-switching tensiometers (12-inch, model RA; Irrometer, Riverside, CA). In paired treatments, one tensiometer functioned to turn on irrigation while the other turned it off. In the single-tensiometer treatment, irrigation solenoids were turned on and off by one switch. A single-tensiometer treatment was chosen to determine if a simpler automated system with one measurement point could be comparable to a two-tensiometer setup. Tensiometers were placed %8 inches from the tomato plants and 4 inches from the edge of the raised beds, at a depth of 8 inches from the upper surface of the bed. On/off setpoints for the four twotensiometer treatments were as follows: on/off -30/-10, -30/-25, -45/ -10, and -45/-40 kPa. The singletensiometer treatment was set at -35 kPa in 2009 and -40 kPa in 2010. These setpoints were based on previously reported thresholds (Coolong et al., 2009b; Wang et al., 2007) . Irrigation treatments were implemented on 17 June 2009 and 27 June 2010 after plants were established. The frequency and duration of the automated and manual irrigation events were recorded with data loggers (Hobo U9 State Data Logger; Onset, Cape Cod, MA). Water usage for the season was calculated by multiplying the frequency and duration of irrigation events by the flow rate of drip irrigation tubing at constant pressure (10 psi). There were four replications of irrigation treatments. Treatment plots consisted of 20 plants (measurements were taken on 16 plants in the center of each plot) arranged in a completely randomized design for a total of 20 experimental plots. Previous research indicated that growing conditions in the plots used for this trial were uniform and that a blocking design was not required.
In the 2009 growing season, two soil moisture probes (EC-5; Decagon Devices, Pullman, WA) per plot were placed at 6-and 12-inch depths into the raised beds in the same relative location to the tomato plants as tensiometers. Data loggers were unavailable for soil moisture data collection in 2010. On 3 July 2009, an access hole adjacent to the plant bed was dug and probes were inserted into undisturbed soils in the plant bed under the plastic. Probes were inserted in a parallel orientation with the soil surface at depths of 6 and 12 inches. Probes were connected to data loggers (Em 50, Decagon Devices) and soil volumetric water content (VWC) recorded hourly throughout the season. (Scholander et al., 1965) . Leaf RWC, conducted according to the method of Barrs and Weatherley (1962) , was determined on samples of five recently matured, fully expanded leaves obtained from plants near the center of each plot. Upon removal from plants, leaves for Y L and RWC were immediately placed in sealed polyethylene bags, packed in a cooler with ice, and measured within 30 min of sampling.
Weather data were obtained from an on-farm weather station (Kentucky Mesonet, Fayette County Station, Lexington, KY) that recorded environmental variables every minute and provided hourly averages (University of Kentucky, 2011 ). The studies were ended on 8 Sept. 2009 and 13 Sept. 2010.
Statistical analyses were conducted using the GLM, repeated measures, and Fishers least significant difference of SAS statistical software when appropriate (version 9.1; SAS Institute, Cary, NC). (Jones, 2008) . Typically, soil moisture sensor-based irrigation systems will distribute water in a manner that is reflective of canopy and root growth (Pardossi et al., 2009; Zotarelli et al., 2009) . Therefore, it is not unexpected that plants with less leaf area would require less water.
Results and discussion
Average Soil VWC data were recorded hourly at depths of 6 and 12 inches in 2009 and generally were representative of the irrigation treatments ( Fig.  1A-E ). There were significant differences in soil VWC between the different treatments at the depths measured (Table 2 ). In addition, there was a significant depth by treatment interaction for soil VWC (Fig. 1A-E) . With the exception of a period of high rainfall in late July and early August, treatments had a consistent level of soil VWC in 2009 (Fig. 1A-E) . In all treatments, soil VWC was greatest at a depth of 12 inches. Excavation of a representative sample of tomato plants and intact roots after harvest indicated that maximum rooting depth of plants ranged from 12 to 15 inches, with 80% of roots residing in the top 6 inches of soil (data not shown). Average soil VWC at 6 inches ranged from 19.6% to 22.5% (Table 2) . At a depth of 12 inches, soil VWC was significantly different in all treatments, ranging from 24.5% to 33.4%. The soil VWC measured at a depth of 6 inches more closely represented the applied irrigation treatments and water applied than when measured at 12 inches. Rooting depth and soil VWC results suggest that 6 inches may be an appropriate depth to monitor soil moisture in plasticulture-grown tomato.
The difference between soil VWC at 6 and 12 inches was greatest in the -30/-25 kPa and smallest in the -45/ -10 kPa treatment ( Table 2 ). Much of this difference was due to an increase in the soil VWC at the 12-inch depth. Interestingly, for a given threshold in the paired tensiometer treatments, the pulsed treatments had a larger difference in soil VWC between the 6-and 12-inch depths.
These results indicate that the automated irrigation management system used in this trial provided the desired soil moisture regimes, similar to previously suggested thresholds (Munoz-Carpena et al., 2005; Wang et al., 2007) . In addition, the utility of using an automated system for conducting irrigation research in a field setting has been demonstrated.
Total marketable yields were unaffected by irrigation treatment in 2009 but were significantly affected in 2010 (Table 3) • August 2011 21(4)
In 2010, total marketable fruit yields were significantly affected by irrigation treatment. Yields of medium and large fruit were unaffected, averaging 9750 and 4280 kgÁha -1 , respectively. However, yields of extra large fruit were affected by irrigation regime (Table 3) . Yields of extra large fruit were lowest in the -30/-25 kPa treatment and highest in the -45/-10 and -30/-10 kPa treatments. When comparing the longer-duration irrigation regimes (-30/-10 and -45/-10 kPa) to the pulsed (-30/-25 and -45/-40 kPa) programs, the extended-duration regimes had higher yields of extra large fruit at a given setpoint. The -30/-10 kPa program yielded significantly more extra large fruit than the -30/-25 kPa regime. Similarly, the -45/-10 kPa treatment yielded significantly more extra large fruit than the -45/-40 kPa treatment. The pulsed, -40-kPa treatment had yields of extra large fruit that were significantly different from the -45/-10 kPa treatment, but no others. The -45/-40 kPa treatment used the least amount of water while producing yields that were no different from the highest yielding treatments in both years of the trial. Average fruit weight was 105 g/fruit and was unaffected by irrigation regime in 2010. The average percentage of cull fruit was unaffected by treatment in 2010 and was 53.5%. In 2010, the cull rate was significantly greater than in 2009. The high percentage of cull fruit was the result of large numbers of small fruit in 2010.
Yields for all grades of fruit and total marketable fruit were significantly greater in 2009 than in 2010. Total marketable fruit yields ranged from 38,500 to 48,210 kgÁha -1 in 2009 and 15,460 to 19,730 kgÁha -1 in 2010. Yields were appropriate for fresh market tomato grown in Kentucky in 2009, which typically average 45,500 kgÁha -1 , but were considered low in 2010 (Woods, 2008) . The growing season in 2010 was warmer than 2009, resulting in smaller plants with significantly lower yields. Yields of medium fruit, which were not significantly affected by irrigation treatment in either year, were lower in 2010 than 2009 (Table 3) . Medium fruit yield averaged 16,750 kgÁha -1 in 2009 and 9750 kgÁha -1 in 2010, a reduction of %41%. However, yields of large and extra large fruit were reduced by 67% and 77%, respectively, in 2010. This reduction in yield of large and extra large fruit was reflected in average fruit weight, which was reduced from an average of 287 g/fruit in 2009 to 105 g/fruit in 2010. Air temperatures during the summer of 2010 were supraoptimal for field tomato production in Kentucky (Jones, 2004) . The higher than normal temperatures in July and Aug. 2010 resulted in yield losses for many fruiting vegetables in Kentucky (Seebold and Coolong, 2010; Spalding and Coolong, 2010) .
In both years of this trial, the -45/-40 kPa treatment used the least water. The most typical irrigation practice for fresh market tomato growers in Kentucky would be reflected in the -30/-10 and -40/-10 kPa treatments where plants may be watered for 3 or 4 h, once or twice per week. Trials conducted with sandy soils reported similar water savings through pulsed irrigations, without significant differences in yield compared with typical grower practices (Munoz-Carpena et al., 2005; Zotarelli et al., 2009 ). This suggests that irrigation practices may be altered in Kentucky to achieve additional water savings.
Predawn and midday plant Y L and leaf RWC were analyzed to determine if physiologic stresses were imposed. Predawn and midday Y L were unaffected by irrigation in 2009 and 2010 ( Fig. 2A-E) . In both years, (Fig. 2C) , which occurred after a rain event (Fig.  1A-E) . In 2010, predawn Y L increased significantly on 28 July and 11 Aug. (Fig. 2D) , which did not correspond with a particular rain event but did correspond with a period of daily high air temperatures greater than 90°F. Ngouajio et al. (2008) Fig. 2C and D) . This may be due to the higher temperatures observed in the 2010 growing season. Saranga et al. (1991) Predawn and midday leaf RWCs were measured. Generally, leaf RWC remains stable during initial increases in Y L and then decreases with further increases in Y L (Barrs and Weatherley, 1962; Smart and Bingham, 1974) . Predawn leaf RWC was significantly higher than midday leaf RWC in 2009 and 2010 (Fig. 3A-D) . Predawn and midday leaf RWCs were significantly affected by sampling date in both years, fluctuating in response to the environment. Typically on those dates when Y L increased, leaf RWC decreased. This was particularly evident on 28 July and 11 Aug. 2010. In 2010 midday leaf RWC was significantly affected by treatment (Fig.  3B) . In 2010, midday leaf RWC was significantly greater in the -40 kPa treatment than the other treatments. The season average midday leaf RWC of the -40 kPa treatment was 89.5%, while the other treatments averaged 87.2% (Fig. 3B) . This indicates that the -40 kPa treatment experienced slightly less water stress during midday sampling in 2010. The -40 kPa treatment irrigated at a much greater frequency (44 events) than all others in 2010 (Table 1) . Leaf RWC, which measures water in leaves relative to a state of full turgor, may remain stable despite changes in Y L as plants compensate for changes in soil moisture or the environment (Barrs and Weatherley, 1962; Bennett, 1990; Smart and Bingham, 1974) . Frequent irrigation events could have allowed for water to be readily available to the plant during midday stress.
With the exception of midday leaf RWC in the -40 kPa treatment in 2010, no other irrigation treatment exhibited significant differences in Y L or leaf RWC. This suggests that although there were differences in frequency, duration, and amount of irrigation applied, no particular treatment resulted in documented plant stress.
Conclusions
Pulsed irrigation regimes have been developed through the use of soil moisture sensors and irrigation controllers. The utility of these systems has been demonstrated on sandy soils, where water use is reduced without sacrificing yields (Munoz-Carpena , 2005) . The results of this 2-year trial suggest that pulsed irrigation, when controlled by soil moisture sensors, can reduce water use if maintained at an appropriate threshold. The single tensiometer and -30/-25 irrigation systems were effective at applying water in pulses. However, the -45/-40 kPa irrigation regime used the least amount of water in both years while maintaining yields. This suggests that a pulsed irrigation system may be appropriate for plasticulture tomato production on a silt loam soil when thresholds are determined. Our data as well as others (Wang et al., 2007) suggest that using a paired tensiometer system with setpoints of -45/-40 kPa can be effective, though additional research should be conducted at lower soil moisture tensions to determine the limit for setpoints for tomato grown in a plasticulture system on a silt loam soil.
